Objective: Endocrine diseases that can be part of the rare inheritable syndrome multiple endocrine neoplasia type 1 (MEN1) commonly occur in the general population. Patients at risk for MEN1, and consequently their families, must be identified to prevent morbidity through periodic screening for the detection and treatment of manifestations in an early stage. The aim of the study was to develop a model for predicting MEN1 in individual patients with sporadically occurring endocrine tumors. Design: Cross-sectional study. Methods: In a nationwide study in The Netherlands, patients with sporadically occurring endocrine tumors in whom the referring physician suspected the MEN1 syndrome were identified between 1998 and 2011 (nZ365). Logistic regression analysis with internal validation using bootstrapping and external validation with a cohort from Sweden was used. 
Introduction
Endocrine diseases such as primary hyperparathyroidism (pHPT) and pituitary tumors (PIT) are relatively common in the general population (1) . In addition, the incidence and prevalence of neuroendocrine tumors (NETs) are increasing over the last decades (2) . With the increased use of laboratory and radiological investigations, which are sometimes applied for screening purposes, endocrine tumors are also more often diagnosed coincidentally.
Endocrine tumors can occur as part of the autosomal dominant inherited multiple endocrine neoplasia type 1 (MEN1) syndrome. MEN1 is characterized by the occurrence of combinations of: i) pHPT; ii) NET of pancreas and duodenum (pNET); iii) NET of stomach, thymus, or bronchus; iv) PIT; and v) adrenal tumors (ADR). The syndrome is caused by an inactivating germline mutation in the MEN1 gene on chromosome 11q13 (3) . Although MEN1 is a rare disease with an estimated prevalence of 1-10/100 000 inhabitants worldwide, timely recognition is of utmost importance because patients are at risk for malignant disease associated with a significant decrease in life expectancy (4, 5, 6, 7, 8, 9, 10) . There is growing evidence that an early diagnosis by genetic screening and subsequent preventive care leads to improvement of long-term outcome (11, 12 ). An early diagnosis not only applies for the index patient but also certainly for family members who carry the mutation and are often still symptom free.
The currently used consensus guidelines for diagnosis and therapy of MEN1 (2001) therefore recommend screening of all sporadic patients where MEN1 is suspected (13) . This accounts for any patient with two or more MEN1-related tumors, pHPT before age 30, recurrent pHPT, gastrinoma or multiple pNETs, or familial HPT. These guidelines were based only on limited data. In addition, some further small studies have already demonstrated high prevalence of MEN1 mutations in patients with sporadic endocrine tumors, suggesting that the current advises are too conservative, which might lead to unnecessary morbidity and mortality (14, 15, 16, 17) .
A more reliable identification of patients at risk for a MEN1 mutation is needed to enable more cost-effective screening. Therefore, in the present nationwide study, we assessed the results of all Dutch MEN1 mutation analyses from 1998 to 2010 of patients with sporadically occurring endocrine tumors. We aimed to develop and validate a rule to predict the outcome of MEN1 mutation testing in individual patients with apparently sporadically occurring endocrine tumors based on patient characteristics and type of endocrine tumor.
Materials and methods

Study design
All patients in The Netherlands referred for MEN1 mutation testing between January 1998 and December 2010 were identified (Fig. 1) . In The Netherlands, MEN1 mutation testing is done mostly according to the current guidelines that advise to test patients who have two or more possibly MEN1-related tumors, multiple parathyroid tumors before the age of 30, recurrent hyperparathyroidism, gastrinoma, or multiple islet cell tumors at any age or familial isolated hyperparathyroidism. For this study, the outcomes of tests of patients were excluded if: i) MEN1 was clinically diagnosed (at least three out of five endocrine MEN1 manifestations); ii) the patient had a family member with MEN1; iii) all clinical information was missing; or iv) MEN1 mutation testing was performed with an erroneous indication (e.g. non-MEN1-related tumors such as pheochromocytoma, medullary thyroid carcinoma, etc.).
Clinical information was collected from the application form for genetic testing and missing data were retrospectively retrieved from the referring physician. Endocrine manifestations diagnosed after the request for genetic testing were not recorded. Data were collected regarding: pHPT; pNET; PIT; NET of stomach, thymus, or bronchus; ADR; and family history of MEN1-related (neuro-)endocrine tumors irrespective of the grade of the family relation.
The presence of a MEN1 mutation was determined with DNA sequencing since 1998 and with a combination of DNA sequencing and multiplex ligationdependent probe amplification (MLPA) since 2005. MLPA (MRC-Holland, Amsterdam, The Netherlands) is used for detecting large deletions or duplications in the MEN1 gene.
As missing data may lead to loss of statistical power and bias, multiple imputation based on other determinants as well as the outcome was used to replace missing values for family history (nZ63, 17.3%) (18) . The missing data were completely missing at random.
Variables The following variables were considered candidate predictors for a MEN1 mutation: patients' age at the moment of DNA testing; recurrent or multigland disease pHPT; nonrecurrent pHPT; pNET; PIT; NET of stomach, lung, or thymus; adrenal hyperplasia or adenomas (ADR); and a family history of endocrine tumors.
Model derivation The prediction model was established by multivariate logistic regression. In this multivariate analysis, a stepwise backward selection procedure was conducted, excluding predictors with a P value O0.157 (Akaike's Information Criterion) (19, 20, 21) . Coefficients and crude odds ratio (OR) with 95% confidence intervals (CIs) of the multivariate model were calculated to estimate the impact of significant predictors. In general, these measures are too high because the model is developed solely using the study sample and will perform less on a different random sample. Therefore, a bootstrapping procedure was performed to adjust the coefficients. The bootstrap resampling resulted in a mean shrinkage factor of 0.89. Performance of the adjusted model was assessed in the original Dutch cohort by assessing predictive discrimination and calibration. Predictive discrimination was evaluated using the c-statistic that represents the area under the curve of the receiver operating characteristic curve. To assess goodness of fit, the Hosmer-Lemeshow statistic was computed, which assessed the matching of the predicted and observed MEN1 mutation rate in subgroups of our study population.
External validation
To evaluate the reliability of the model, it was externally validated in a cohort of patients meeting the same inclusion criteria that was screened between January 1997 and July 2006 at the Department of Clinical Genetics at the Karolinska University Hospital in Sweden (22) . The MEN1 gene was also tested by DNA sequencing and MLPA. Data collection and handling of missing data were performed in the same manner as in the Dutch cohort. The predictive discrimination and goodness of fit in the Swedish cohort were presented.
Risk stratification and clinical application
A nomogram was constructed using the multivariate prognostic model. This nomogram can be used to predict the risk of a MEN1 mutation in individual patients by adding up the scores of each of the risk factors separately. The sum score can then be translated into the individual patients' risk of a MEN1 mutation. Translation into the individual risk is done by drawing a line from the sum score scale to the risk of a MEN1 mutation scale. Analyses were conducted using SPSS 17.0 (Windows; Chicago, IL, USA) and open source statistical software, R version 2.9.2 (R Foundation for Statistical Computing, http://www.R-project.org).
The approaches described in this paper did not involve any randomization, experimental intervention, or questionnaire, and the anonymity of patients was not breached. As this article meets the conditions required under Dutch Law (WGBO) for making medical and/or personal data available for statistical or other scientific research, the Medical Ethics Review Committee of the University Medical Center Utrecht concluded that the Medical Research Involving Human Subjects Act (WMO) was not applicable.
Results
Study population
Between 1998 and December 2010, a total of 1185 MEN1 mutation analyses were performed in The Netherlands. Of these, the results of the analyses of 36 patients (3.0%) were excluded because they had clinical MEN1, 671 (56.6%) for having a known MEN1 family member, 70 (5.9%) because of completely missing clinical information on the patients, and 43 (3.6%) because of an erroneous indication for ordering an MEN1 mutation analysis. Therefore, the study population consisted of 365 patients (Fig. 1) . The baseline characteristics are summarized in Table 1 . Mutations in the MEN1 gene were found in 15.9% of the included patients. There were significantly more females than males in the study population. A total of 131 patients (35.9%) did not meet the testing criteria of the 2001 consensus guidelines for MEN1 testing. However, among those patients, two MEN1 mutations were found.
Model derivation
After backward selection in multivariate analysis, the following predictors for a MEN1 mutation were retained in the model: recurrent or multiglandular disease pHPT (OR 162.40); nonrecurrent pHPT (OR 25.78); pNET (OR 17.94); PIT (OR 4.71); NET of stomach, thymus, or bronchus (OR 25.84); a positive family history for MEN1-related (neuro-)endocrine tumors (OR 4.53); and age (OR 0.96; Table 2 ). ADR was excluded from the model. The c-statistic of the model was 0.86 (95% CI 0.81-0.90). The Hosmer-Lemeshow indicated a good diagnostic accuracy with a nonsignificant c 2 of 7.3 (P 0.51) using nine groups based on the relatively low MEN1 mutation frequency.
Validation cohort
Between January 1997 and July 2006, a total of 371 MEN1 mutation analyses were performed at the Department of Clinical Genetics at the Karolinska University Hospital in Sweden. Twenty-seven (7%) patients were excluded because of clinical MEN1, 192 (52%) for having a known MEN1 family member, seven (2%) patients with an erroneous indication for testing, and one because of completely missing clinical information. Subsequently, data from 144 patients were used for external validation of the prediction model (Fig. 1) . The baseline characteristics of the Swedish validation cohort differed significantly for the prevalence of pHPT, PIT, and pNET from the derivation cohort (Table 1 ). In the Swedish cohort, 27 patients (18.8%) were tested for MEN1 and did not meet the current consensus guidelines for MEN1 testing. To compensate for the lower prevalence of MEN1 in the Swedish cohort, the model intercept was adjusted. In this validation cohort, the c-statistic of the Dutch prediction rule was 0.77 (95% CI 0.66-0.88). The Hosmer-Lemeshow was nonsignificant with c 2 of 14.1 (P 0.08) using nine groups for goodness of fit based on the relatively low MEN1 frequency (13.2%).
Model application
To enable application of the prediction rule, a nomogram was constructed to be used in clinical practice (Fig. 2) . Table 2 Prediction model for the presence of a MEN1 mutation. Absolute risk for the presence of a MEN1 mutationZ1/(1Cexp (Kb) ). bZK4.3100C(1.510!family history)C(2.887!pNET)C(1.550!PIT)C(3.252!NET of bronchus, thymus, or stomach)C(K0.043!age) C(5.090!recurrent or multiglandular pHPT)C(3.250!nonrecurrent pHPT). Figure 2 Nomogram. NET, neuroendocrine tumor; pHPT, primary hyperparathyroidism. Example: a 54-year-old patient (scoreZ30 points) with the combination of a negative family history (scoreZ0 points), a nonrecurrent and nonmultiglandular pHPT (scoreZ63 points), and a pNET (nZ57 points) has a sum score of 150 points, corresponding with a linear predictor of K0.50 and a risk of 38% of having a MEN1 mutation. Example: a 41-year-old patient (scoreZ42 points) with a positive family history (scoreZ29 points) and recurrent pHPT (scoreZ 100 points) has a sum score of 171 points, corresponding with a linear predictor of 0.50 and a risk of 63% of having a MEN1 mutation. Example: a 51-year-old patient (scoreZ33 points) with a negative family history (scoreZ0 points) of pituitary tumor (scoreZ31 points) and a pNET (scoreZ57 points) has a sum score of 121 points, corresponding with a linear predictor of K2.0 and a risk of 11% of having a MEN1 mutation.
Discussion
For designing a reliable prediction model and a critical appraisal of the current guidelines of MEN1 mutation analysis, it is important that a large population-based patient cohort can be studied with a high data density and a relatively high number of positive outcomes of mutation analysis. For a rare genetic disorder such as MEN1, this is ideally performed in a truly nationwide study, which is more feasible in a small and very densely populated country such as The Netherlands. As MEN1 mutation analysis in The Netherlands is up to standard and centrally performed at our department of medical genetics, we were able to collect the results of all Dutch DNA tests performed from 1998 to the present day. In addition, before use in clinical practice, a prediction model must be validated in a large independent population-based cohort. For the validation of the prediction model, we therefore used the outcomes of the mutation analysis of another well-described large and completely independent international cohort. In both the Dutch and the Swedish cohorts, patients were tested for a MEN1 mutation because the treating physician suspected MEN1. For various reasons, the current consensus guidelines for MEN1 mutation analysis were not strictly followed in a significant number of patients in both the cohorts. Reasons for screening were a positive family history for endocrine diseases, a relatively young age at which an endocrine tumor occurred, or an atypical course of the endocrine disease, which are not addressed in the 2001 guidelines. Using all the tested cases, it was possible to design a prediction model that fits in with the current clinical practice. In the Dutch patients who underwent mutation analysis but did not meet the criteria according to the 2001 guideline, two new MEN1 patients (and consequently their pedigrees harboring a MEN1 mutation) were identified. This indicates that the 2001 guidelines for screening of patients with apparently sporadic endocrine tumors that can occur in the course of MEN1 are too restrictive. We were able to identify all MEN1 families in The Netherlands and can therefore be sure that the two presented MEN1 mutations among patients with sporadic endocrine tumors were two new MEN1 index cases.
The previously estimated risk for having a MEN1 mutation in patients with sporadic endocrine tumors ranged from 0 to 67% depending on the type and number of endocrine tumors; however, those figures were not based upon a truly national database and not validated in an independent population. A more reliable estimation of the overall MEN1 mutation frequency in patients with sporadic endocrine tumors who are tested for MEN1 now turns out to be w16%. However, it seems more sensible to estimate the risk in individual patients. Given the high number of positive outcomes of the MEN1 mutation analysis, every physician taking care of patients with endocrine diseases should be aware of MEN1 in a patient with apparently sporadically occurring endocrine tumor(s). With the assumption that the 2001 guidelines for identifying patients at risk for MEN1 are specific but too conservative, we used the total Dutch population that underwent MEN1 mutation analysis to develop a prediction model, which precisely predicts the a priori risk for a MEN1 mutation according to the type of tumor and patient characteristics. Except for adrenal tumors, all endocrine tumors that can occur in the course of MEN1 were predictors for a MEN1 mutation. According to the validation and goodness of fit in the Dutch cohort and Swedish validation cohort, the nomogram can be used to reliably predict the risk for a MEN1 mutation in individual patients in daily clinical practice. We did not consider patients with so-called 'unclassified variants' (UVs) as having a MEN1 mutation. With literature searches and the use of programs for gene prediction, the effect of the changes on the MEN1 gene was estimated for every change in the MEN1 gene. UVs are nonclinically relevant changes of the MEN1 gene that do not lead to the MEN1 syndrome.
There is still ongoing debate on the risk of MEN1 and the different NETs and clinical characteristics. Earlier smaller studies conclude that sporadic cases with the presence of two of the three main related MEN1 tumors and patients with an atypical course of endocrine tumors should be tested. Our findings confirm the contribution of coexisting pHPT and pNET in determining the risk of a MEN1 mutation. In addition, our results show the attribution of each separate endocrine tumor in predicting the presence of a MEN1 mutation. Of these, recurrent or multiglandular pHPT is the strongest predictor (OR 162.40). Cardinal et al. found a mutation rate of 1/11 (9%) among patients with sporadic pHPT, which led, for practical reasons, to the conclusion that DNA testing should only be considered for patients below 30 years with pHPT. In our study cohort, 19 MEN1 mutation-positive patients with the solitary endocrine manifestation pHPT were present. All those patients appeared to have one or more additional characteristics such as age below 40 (nZ6) years or a positive family history (nZ11) and nine of them had recurrent pHPT. This means that sporadic pHPT is associated with MEN1 especially if such an extra characteristic is present. Our prediction model is applicable for patients with pHPT if they have an additional characteristic such as age of occurrence below 35 years, recurrent or multiglandular pHPT, and/or a family history for endocrine tumors. If a patient does not have such an additional characteristic, the risk of pHPT is overestimated in the model and the outcome cannot be reliably used.
The OR of the predictor age in the model was only 0.96, which confirms that a younger age is associated with a somewhat higher probability for a MEN1 mutation. In our study, the mean age of the Dutch and Swedish cohort was in line and relatively high at 48 years. In both the study groups, patients with a family history of MEN1 were excluded, which can explain the age in this study. The addition of the predictor age in our prediction model might lead to a more targeted screening at a younger age, which can subsequently lead to less morbidity in index patients as well as their relatives. Of the endocrine tumors, PIT was the weakest predictor in the model (OR 4.71), and adrenal tumors showed no relation at all.
One of the limitations is the retrospective nature of the study. However, we were able to cross-check the data on the application forms of the referring physicians with the original patient files in 16% of cases. This concerned the cases that turned out to have a MEN1 mutation or with two out of the following manifestations: pHPT, PIT, and PET. The data reliability was high (concordant in 88.1%), indicating that the data that were used for the analysis were accurate. It is not likely that the data accuracy of the other cases is different because the reasons for ordering MEN1 mutation tests were the same for all patients. With regard to the family history, the data density was relatively low, because in daily practice the family history is often not completely taken or registered. Still, our data density with regard to family history was over 80%. A second limitation is that in building the prediction model, we only tested known candidate predictors and were not able to identify other possible candidate predictors like level of hormones or co-occurring skin lesions, because this information was not available. One might also argue about the generalizability of the prediction model. We assume that our prediction model is applicable in other populations within and outside Europe as the model was validated in a true independent cohort and because there are no indications of regional or racial differences in the prevalence of MEN1. Irrespective of the higher prevalence of pHPT in the Swedish cohort and the higher prevalence of PIT in the Dutch cohort, the high outcome of the c-statistic in the Swedish cohort indicates that the model is robust and can be used in other populations, even when there are some differences in the case-mix of patients who are tested.
With our prediction rule and nomogram, the a priori individual risk for a MEN1 mutation in a patient with an apparent sporadically occurring endocrine tumor with reason to suspect MEN1 can be calculated. Our model can be used to make physicians more alert and enable informed decision making for patients. However, it cannot be used for identifying patients who should and should not be tested. Ideally, all MEN1 cases are identified, even those with a low a priori risk. The risk cutoff for ordering a mutation analysis is dependent on the costs on the one hand and the possible consequence for the individual patient on the other hand. Identifying patients with a mutation in the MEN1 gene has important clinical consequences for patients and their families because of the important lifelong surveillance to identify early manifestations of the disease to enable subsequent early interventions. Currently used guidelines for MEN1 testing are appropriate for identifying the patients who are at high risk for MEN1 but showed to be too conservative and might therefore delay timely MEN1 mutation testing. Additional research is needed to evaluate the present prediction model for MEN1 mutation testing. When used in clinical practice, the use of our prediction model can be prospectively validated and the results can be used to improve the current practice and facilitate timely identification of MEN1 patients. Based on our results, the guidelines on MEN1 mutation testing in patients with sporadic endocrine tumors are now open for discussion again.
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